Abstract. The photoluminescence decay of single (1 cm3) organic crystals has been observed over the time interval 0-250 nsec, using a pulsed light source, fast photomultiplier and pulse-sampling oscilloscope. The initial decay is exponential with decay time TO: anthracene (fresh surface) 25.8 nsec, naphthalene 82 nsec, p-terphenyl 6.2 nsec, trans-stilbene 6.0 nsec. The decay of anthracene with an aged surface approximates to two successive exponentials with TI N 16 nsec, TZ N 32 nsec. The decays of trans-stilbene, anthracene (fresh surface) and pterphenyl are exponential over 100nsec ( -17decay periods), 250nsec and 100 nsec respectively. In the scintillation measurements the shapes of the luminescence decay curves have usually been observed. The earlier studies were confined to the initial fast exponential decay, from which the scintillation decay time was obtained. The observation by Wright (1956) that the scintillation pulse shape depends on the nature of the ionizing particle, and the utilization of this effect by Brooks (1959) and others for pulse shape discrimination between different ionizing particles have led to detailed studies of the fast exponential and the slow non-exponential scintillation decay components (Owen 1958 ,1959 , Einfeld 1959 , Bollinger and Thomas 1961 , Gibbons, Northrop and Simpson 1962 .
ANY measurements have been reported of the luminescence decay times of M organic crystals when excited either by ionizing radiation (scintillations) or by ultra-violet radiation (photoluminescence). Those on crystalline anthracene have been reviewed recently by Birks (1962) .
In the scintillation measurements the shapes of the luminescence decay curves have usually been observed. The earlier studies were confined to the initial fast exponential decay, from which the scintillation decay time was obtained. The observation by Wright (1956) that the scintillation pulse shape depends on the nature of the ionizing particle, and the utilization of this effect by Brooks (1959) and others for pulse shape discrimination between different ionizing particles have led to detailed studies of the fast exponential and the slow non-exponential scintillation decay components (Owen 1958 ,1959 , Einfeld 1959 , Bollinger and Thomas 1961 , Gibbons, Northrop and Simpson 1962 .
In the photoluminescence measurements the shapes of the luminescence decay curves have not usually been observed. The photofluorescence decay time of the initial fast decay, assumed to be exponential, has been determined by phase or modulation fluorometry (see Birks and Dyson (1961) for references t o the various methods). The only observations of the shape of the photoluminescence decay curves of organic crystals appear to be those of Galanin and Chizhikova (1961) and of Gibbons et al. (1962) , each over restricted time intervals.
In the present investigation the photoluminescence decay curves of anthracene, naphthalene, tram-stilbene and p-terphenyl crystals have been studied over the time interval from 0 to 250 nsec.
2. EXPERIMENTAL
The apparatus used has been developed from a system described originally by Brody (1957) and Malmberg (1957) and is shown schematically in figure 1. The gas discharge lamp generates flashes of ultra-violet radiation of a few nanoseconds duration at a repetition rate of 350 cjs. These light flashes excite the luminescence of the specimen, which is observed by a fast photomultiplier and displayed on a pulse-sampling oscilloscope.
The lamp comprises a pair of parallel wire electrodes 0.5-1 mm apart in a gas contained in a cylindrical brass shell with end windows of 'Spectrosil' fused silica and Pyrex respectively. The nature of the gas, its pressure and the electrode separation can all be varied during an experiment to obtain optimum operational conditions. The prhciple of operation of the lamp is simple: a small condenser C is charged through a high resistance R from a 5 kv h.t. supply; a CV 372 hydrogen thyratron, triggered from a multivibrator circuit, switches the charged condenser directly across the lamp, and a short light flash is emitted. The light flash is observed through the Pyrex window by an R.C.A. 6810-A photomultiplier, which provides a 500 mv trigger pulse to the oscilloscope. The light transmitted through the Spectrosil window is passed through a . CoSO4-NiSO4 solution filter (Bowen 1949) to select a suitable region of excitation wavelengths, normally from 230 to 360 mpt, and then falls on to the specimen, which is mounted on a Spectrosil disk. The region of luminescence emission is selected with an appropriate filter, and the luminescence is detected by a Philips 56 A W photomultipler. The output signal is fed through a length of RG 8AjU cable of 52 ! 2 characteristic impedance, which introduces a delay of about 120 nsec with respect to the trigger pulse, and is displayed or? a Hewlett-Packard 185A pulse-sampling oscilloscope.
The stability of the light flash is such that the signal amplitude jitter is less than 5 % over a period of 30 minutes at a repetition rate of 350 cis. Over the shorter periods required to take a set of observations, the lamp is stable to +2%. This degree of stability permits the use of a pulse-sampling oscilloscope, with its high deflection sensitivity, in preference to the conventional or travelling-wave oscilloscopes used by other observers. A d.c. output from the oscilloscope plates is fed directly to two meters of long time constant, so that the signal deflection Y, at a given time interval X after the trigger pulse, is averaged over many traces and random fluctuations in the signal amplitude are not observed. Alternatively an ( X , Y) chart recorder is used to plot the pulse shape. The sensitivity is such that with a peak amplitude of 2 v, corresponding to a peak anode current in the photomultiplier of 100 mA, the shape of the decay curve can be readily traced down to an amplitude of 10-3 v.
? T h e preferred nomenclature for micron (p) is now micrometre (pm). Millimicron %ill therefore in future be rendered nanometre (nm).
The shortest duration of light pulse has been obtained with hydrogen at 15 cmHg pressure. As observed on the oscilloscope, the pulse has a rise time (10%.to 90% amplitude) of 2.5 nsec, a width at half-amplitude of 5 nsec, and an approximately exponential decay of decay time 4nsec. These values agree closely.with the most reliable values reported previously (Cernigoi, Gabrielli and Iernetti 1960) . Gradual reduction of the hydrogen pressure from 76 cmHg down to 10 cmHg has little effect on the pulse width, but it lowers the breakdown potential and enables a more stable discharge of higher intensity to be obtained. The stability depends on the pressure, applied potential and humidity, and these are adjusted to obtain optimum operation. At pressures below 10 cmHg, the pulse width increases steadily from 5 nsec to about 30 nsec at 1 cmHg, withian associated increase in intensity. With the other parameters fixed, a change in the nature of the gas produces a considerable alteration in the shape of the light pulse. Figure 2 shows the relative magnitudes of the light pulses observed with hydrogen, air and nitrogen, each at a pressure of 10 cmHg and an applied potential of 1.1 kv. The light signals are viewed through the CoS04-NiS04 filter, and the results show that nitrogen gives a much greater intensity than hydrogen in the ultra-violet region used for luminescence excitation, though this is accompanied by an increase in pulse width. The control of light intensity and duration, which is obtained through a change in pressure or in the nature of the gas, is utilized in the luminescence measurements to obtain the maximum intensity consistent with a duration sufficiently short relative to the luminescence decay of interest.
Although the main part of the light pulse falls rapidly in intensity, a long s l 0~1~ decaying tail is also observed (see figure 4 , curve A). After-pulsing, which causes fluctuations in the tail emission, is small owing to the IOW light intensity. The presence of this tail emission has been noted by Malmberg (1957) , Brody (1957) and others, but its effect on luminescence decay measurements has previously been ignored (Bennett 1960) . The effect of the shape of the light pulse, including the tail, on the observed luminescence decay can be calculated from the superposition theorem (Brody 1957) . If the overall time function of the lamp and detector circuit is I(t) and the true decay function of the luminescence isf(t), then the observed luminescence rise and decay function F(t) is given by
F(t) = f(t')I(t-t')dt'
(1)
1:
where I(t) = 0 at t = 0. The linearity of response of the detector system has been tested, to ensure that I(t) is independent of the light intensity.
I(t) is measured directly, and if f(t) is assumed to be a pure exponential function exp( -t/TO), the corresponding functions F(t) for various values of T O are synthesized by numerical integration, and compared with the observed decay. The more complicated inverse process of evaluatingf(t) from the observed F(t) and I(t)
has not yet been attempted.
$3. RESULTS 3.1. The Initial Luminescence Decay Measurements have been made on 1 cm cube single crystal specimens, For anthracene it is found that the shape of the initial luminescence decay curve depends on the condition of the illuminated crystal surface. For a crystal surface that has been exposed to the atmosphere over a period, the luminescence decay is non-exponential, though it can be analysed approximately into two 'exponential' components with decay times TI and 7 2 respectively. For a freshly cleaved crystal surface the luminescence decay is exponential down to a time t N 80 nsec with a single decay time TO. Typical results obtained with two opposite faces a', b of the same anthracene crystal are plotted in figure 3 . I!!uiiation of the fresh surface a' gives a simple exponential decay with 7 0 = 26.4 nsec (25.7 nsec after correction for the duration of the light pulse). nlumkation of the aged surface b gives a non-exponential decay with T I N 15*9nsec, 7 2 N 28.5 nsec. The mean of six observations (corrected for light pulse duration) on fresh surfaces of the same crystal? is TO = 25.8 (k0.3)'nsec. The means of seven observations on aged surfaces are 71 = 15.7 (50.5) nsec and T2 = 31.8 ( i 5 . 0 ) nsec.
The surface effect has not been found in the other materials studied. In each case the initial luminescence decay is exponential with decay time TO. The following resuh (corrected for light pulse duration) are obtained :
naphthalene, TO = 82 (& 5) nsec, p-terphenyl, TO = 6.2 (k 0.2) nsec, trans-stilbene, TO = 6.0 ( 5 0.2) nsec.
t Values of 70 between 22 and 26 nsec have been observed for other freshly cleaved anthracene crystals of the same ske. These differences, which are possibly related to defect density, are at present being studied.
The Long Luminescence Decay
It is observed that after the luminescence intensity has decreased to approeately 0.05 of the maximum intensity there is a marked departure from the initial exponential decay. It was originally thought that this might be due to a slow luminescence component, similar to that occurring in the scintillation decay of organic crystals, but a detailed analysis has shown this to be incorrect. The observed luminescence rise and decay of a trans-stilbene crystal are plotted in figure 4 (open circles). The observed shape of the excitation light pulse I(t) is shown in curve A, figure 4. The decay function F(t) has been calculated, by numerical integration with narrow time increments, from I(t) and equation (1) forf(t) = exp( -tiTo), with TO = 6-0 nsec, and is plotted in curve B, figure 4. The close agreement between the observed luminescence rise and decay and the calculated F(t) shows that the true luminescence decay of the trans-stilbene crystal is exponential with TO = 6.0 nsec oyer the first 100 nsec, i.e. over 17 decay periods.
The true luminescence decay of freshly-cleaved anthracene and p-terphenyl crystals has similarly been found to be exponential up to t = 250 nsec and t = 100 nsec respectively. No change in the shape of the luminescence decay curves is observed when the incident light intensity is increased by a factor of 4. The results on anthracene and naphthalene confirm and clarify the observations of Galanin and Chizhikova (1961) . These authors measured the photoluminescence decay from 20 nsec after the peak down to 5 1 0 % of the maximum intensity. Their value of TO = 8 2 i 5 nsec for naphthalene is identical with ours. For anthracene they obtained T = 31 i 3 nsec for the decay after t = 20 nsec, and T = 15 nsec for the decay as measured by a phase fluorometer, and they suggested that the overall decay was non-exponential. Since they make no reference to the state of the crystal surface it is likely that the luminescence decay is of the form shown in figure 3 , curve b, and the values which they observed correspond to TI = 15 nsec, 7 2 = 31 nsec in agreement with the present results. Measurements on fresh and aged anthracene crystal surfaces using the phase and modulation fluorometer (Birks and Dyson 1961) were found to give values in good agreement with TO and T I respectively, showing that this instrument measures the initial decay component only.
The value of TO = 25-8 nsec for the photofluorescence decay time of a 1 cm thick anthracene crystal with a fresh surface agrees satisfactorily with that of T O = 24.2 nsec obtained by Hamilton (1961) using a modulation fluorometer. This surface excitation value differs significantly from the volume excitation value of T~ = 31 ( 2 2) nsec, obtained from y-ray scintillation measurements, owing to the effect of self-absorption, as discussed by Birks (1962) . The different behaviour of an aged crystal is attributed to the presence of an oxidized quenching layer on the crystal surface.
BoIliiger and Thomas (1961) and others have observed a slow non-exponential component in the scintillation decay of trans-stilbene and other crystals excited by ionizing radiation. The fact that the photoluminescence decay of trans-stilbene is found to be exponential over approximately 17 decay periods indicates that the slow component is not an intrinsic luminescence property of the crystal but arises from its mode of excitation.
Gibbons et al. (1962) have reported observations of a slow luminescence component in an anthracene crystal over the time interval from 0.25 to 1.8psec after the peak intensity, using a very intense light flash of 50 nsec duration for excitation. It is possible that this slow component may have arisen from a tail on the excitation light pulse, whose shape is not recorded. The observed luminescence decay of trans-stilbene (figure 4) would similarly have suggested the presence of a slow component, but for &e correction applied for the shape of the excitation light pulse.
Apart from these observations of Gibbons et al., the experimental evidence to date is consistent with the proposal by Buck (1960) and others that the slow scintillation component is associated with the recombination of ions and electrons. The tail in the light pulse (figure 4, curve A) is attributable to a similar cause.
